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Abstract 
The paper presents a new multi-storage hybrid system concept for the improvement of self-consumption rate, conversion 
efficiency and storage lifetime in photovoltaic (PV) hybrid systems. Main idea is the smart combination and control of short- and 
long-term storage technologies with supplementary operating characteristics. The paper discusses a typical application example 
of a PV-hybrid system with lithium-ion battery, hydrogen and heat storage path. A dynamic lithium-ion battery model is 
presented. The power electronic and control structure of the multi-storage experimental test-bed is explained. Investigation 
results for a typical application example demonstrate the functionality and benefits of the proposed concept. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
For a further quick dissemination of decentralized PV (with a potential of >200GW for building integrated 
systems in Germany) problems with voltage band violations and overloading of cables and transformers [1, 2] must 
be addressed. The strong fluctuating nature and the big daily and seasonal imbalances of PV and electricity demand 
require intelligently controlled energy storage systems. Recently, PV-battery-hybrid systems for the optimization of 
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PV-self-consumption became popular [3]. This paper introduces the new concept of an “intelligent decentralized 
power supply unit” (s.Fig.1) with short- and long-term energy storage path. 
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Fig. 1. Basic structure of an intelligent decentralized power supply unit 
1.1. Energy time series analysis and energy storage demand for a demonstration example 
Fig.2a/2c demonstrate the daily and annual fluctuations of the difference power ǻP (PV minus load power) for a 
typical 5kW PV-plant and a four-people household at a reference site in Chemnitz.  
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Fig. 2. a) and c) difference power ǻP, b) and d) required short-term and long-term storage capacity for completely balancing supply and demand, 
e) minimum required daily storage capacity, f) optimal offset power (for H2-storage path, positive: electrolyser, negative: fuel cell) 
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The data was measured over a period of three years at 1s sample time. The results of theoretical investigations 
and simulations indicate a required annual storage capacity of >1100kWh (s.Fig.2d) in order to balance the huge gap 
between PV-energy yield in summer and electricity consumption in winter. The required battery storage capacity on 
a daily time scale (day/night cycle) ranges from 2kWh to 34kWh. If each day a constant offset power is subtracted 
from ǻP, the required battery capacity can be reduced to a range of 0.4kWh to 17kWh (s.Fig.2b/2e). The optimum 
offset power ranges from -700W to 1700W (s. Fig.2f. The offset power can be handled by the public grid or the H2-
storage path much better than the large range of the difference power ǻP (-8500W to 5000W over the year). 
1.2. Multi-storage hybrid system concept 
In order to increase the PV-self-consumption rate, a combined short- and long-term multi-storage approach with 
optimizing energy management is suggested. Main idea is the intelligent combination and control of storage 
technologies with supplementary operating characteristics (s.Tab.1) leading to a minimum of investment and 
operating costs [2, 4-6]. For the balancing of fluctuations on a daily time scale, batteries are best suited due to their 
high conversion efficiency and high specific power density. For the annual time scale a synthetically produced 
chemical energy carrier, such as hydrogen (H2), is required. Batteries are not suited due to their significant self-
discharge rate and high specific costs per stored energy (factor 30 to 200 higher compared to H2). 
Table 1. Comparison of energy storage and conversion technologies 
PEM-
electrolyser 
PEM- 
fuel cell 
H2-
compres-
sor 
H2-pressure 
bottle 
200bar 
lead acid battery lithium-ion battery 
heat 
storage 
power el. 
converter 
€/kWh - - - 5-15 140-350 500-1200 30-100 - 
T€/kW 2-5 2-5 2.5-10 - 
charge: 1.5-3.5 
disch.: 0.1-0.4 
charge: 0.5-1.3 
disch.: 0.05-0.3 
0.05-0.1 0.5-1 
efficiency     
in % 40-60 45-60  - 60-85 92-98 >90 90-97 
self 
discharge 
%/month 
- - - §0 2-20 1-5 §20 - 
lifetime 2000-10000h 
1000-
40000h   600-1500 cycles 3000-7000 cycles   
Hydrogen can best be produced from electricity by an electrolyser, compressed and stored in a high pressure tank 
(200bar to 700bar) and reconverted to electricity and heat using a fuel cell, or reconverted only to heat using a 
catalytic H2-burner [7]. One advantage of the H2-storage path is the independent choice of electrolyser and fuel cell 
power on one hand and H2-storage capacity on the other hand. Contrary, batteries are characterized by a strict 
coupling of power and stored energy. The maximal electric efficiency of electrolyser and fuel cell is about 60% 
leading to a total electric efficiency of the H2-storage path of only about 36%. But it is important to understand that 
in a future 100%-renewable energy scenario excess energy from wind and PV-plants will be better stored at low 
efficiency instead of not being utilized at all. Additionally, part of the conversion heat of the electrolysis and fuel 
cell process can be utilized in a combined heat and power approach. For example, in summer heat from a water-
cooled electrolyser can be directly utilized for domestic hot water production (shower, preheating of washing water, 
etc.). In winter the warm exhaust air, e.g. of an open cathode PEM-fuel cell, can be directly utilized for space 
heating. Hereby, the total energy efficiency (electricity and heat) can be raised to 80% to 90% making the H2-
storage path more profitable. As a general rule, electrolyser and fuel cell are dimensioned on the basis of the average 
value of ǻP. Besides battery and H2-storage path a controllable electric heating cartridge with domestic hot water 
storage can be beneficially integrated into a PV-hybrid system. The heat storage solution is characterized by low 
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specific investment costs, thus being an interesting option for peak shaving of excessive PV-power, if it exceeds a 
certain threshold and can not be stored in the battery or converted to H2 due to limited battery or electrolyser power. 
2. Experimental test-bed for photovoltaic multi-storage hybrid systems 
2.1. AC- and DC-coupled multi-storage hybrid system topology 
Main idea of the proposed AC- and DC-coupled hybrid system topology (s.Fig.3) is the direct utilization of solar 
energy as AC-current through standard building’s electrical supply network and the compensation of the resulting 
difference power ǻP via multi-storage hybrid system. An energy management algorithm aims for the optimization 
of all power flows and the energy exchanged with the public grid. Main goals are a significant reduction of PV-
fluctuations and peak shaving, an overall economic optimization and a provision of ancillary services to the 
customer and to the public grid. A number of technical optimization criteria such as: total conversion losses, 
components’ lifetime, operating costs, reliability and system stability are considered. Self-utilization and intelligent 
storage of PV-energy on the daily and annual time scale help to stabilize the future public grid in a “bottom-up” 
approach. 
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Fig. 3. AC- and DC-coupled topology of the experimental test-bed for multi-storage hybrid systems 
Main component of the “intelligent decentralized power supply unit” is the battery inverter (Sunny Island 5048, 
SMA), which was modified and adapted to a commercially available lithium-ion battery (neeoRack, AKASOL, 
nominal capacity: 5.5kWh) and to the new energy management concept. Moreover, a complete H2-storage path with 
a 1100W alkaline membrane electrolyser (EL200R, ACTA), a 1200W PEM-fuel cell (NEXA1200, Heliocentris) and 
four 30bar/50l pressure bottles as a buffer storage for the produced hydrogen as well as a 150l hot water storage tank 
in combination with a 2kW electrical heating cartridge were installed. Additionally, so called „virtual storage 
components“ have been realized via programmable electronic power sources and loads. PV- and load-profiles are 
emulated by a bi-directional AC/AC-source/sink. The 10kW university PV-plant will soon be integrated. 
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The battery inverter forms the interface to the public grid and allows for grid connected mode and island mode 
operation (e.g. as a back-up system during power failure). In the grid connected mode voltage and frequency are set 
by the public grid, and the battery inverter behaves as a controlled current source. The energy management 
calculates the optimum power flow distribution between grid, AC-bus and multi-storage system and passes the set 
point for either grid or battery current to the battery inverter. In island mode operation, the battery inverter is 
switched to an AC-voltage source and controls frequency and voltage of the AC-bus of the home grid. The H2-
storage path is directly coupled with the battery via a current controlled DC/DC-converter. The set-point for the 
electrolyser and fuel cell current is also determined by the energy management system [6]. Hereby, excessive PV-
energy can be converted into hydrogen, and the battery is kept within the optimal SOC-bounds. The direct DC-
coupling of battery and H2-conversion components has some important advantages, e.g. the avoidance of the 
50Hz/100Hz ripples on electrolyser and fuel cell DC-power and a cost reduction compared to a pure AC-coupled 
solution due to cheaper and more efficient DC/DC-converters (compared to another DC/AC-inverter). The 
intelligent control algorithm for the multi-storage hybrid system aims for the optimization of the power flow 
distribution between battery, H2-storage path and electrical heating cartridge on the basis of a vector of optimization 
criteria for a defined observation interval. Main technical optimization criteria are the losses of all energy 
conversion and storage processes and stress criteria, which influence the lifetime of electrolyser, fuel cell and 
battery. These technical criteria directly influence the economic criteria of the overall energy management of the 
intelligent decentralized power supply unit. The H2-conversion components are best operated within a limited and 
specifically efficient power range and at limited power gradient (stabilization and optimization of electrochemical 
reaction conditions). The battery on the other hand is allowed a more dynamical operation supplying a higher 
specific power for the compensation of short-term fluctuations and partially peak power. Peak shaving of PV-power 
is primarily performed by the electrical heating cartridge and the hot water storage. At a certain threshold value of 
the difference power ǻP, the electrical heating cartridge takes over, smoothes peak power and hereby relieves the 
multi-storage system and the public grid from dynamic stress. Another trade mark of the suggested hybrid system 
topology is the utilization of the waste heat of the H2-conversion processes. In the future, the electrolyser cooling 
water will be utilized for hot water preparation, the cooling air of the fuel cell for space heating. 
2.2. Lithium-ion battery model 
For the experimental test-bed a commercial lithium-ion battery (neeoRack, AKASOL) was chosen with a 
nominal capacity of 106Ah, a nominal voltage of 48V, a nominal power of 5kW and a capacity of approx. 5.5kWh. 
A dynamic simulation model was developed representing the battery voltage Ubattery as a function of the state of 
charge (SOC), losses and aging effects. Different kinds of modeling approaches were compared, varying in their 
accuracy and complexity. The main groups are: empirical, physical-chemical and abstract models [8]. For the 
requirements of the new optimizing energy management concept the electrical equivalent circuit battery model is 
best suited (s.Fig.4a).  
Primarily, the terminal battery voltage Ubattery can be described as a non-linear relationship of open circuit voltage 
UOCV and battery state of charge SOC (s.Fig.4c). The battery charging or discharging current I directly causes a 
voltage drop U0 across the internal resistance R0 based on Ohm's law. The voltage drops U1 and U2 describe the 
transient response of the battery, U1 and time constant T1=R1C1 the polarization process, U2 and time constant 
T2=R2C2 the diffusion process (s.Fig.4b/4d). A simple method, the so called “Coulomb counting”, was employed to 
determine the battery SOC as a function of battery current I. 
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Fig. 4. a) electrical equivalent circuit battery model, b) electrochemical processes in the battery, c) open circuit voltage d) simulated and 
measured voltage-profiles as dynamic current step-response 
For the battery parameter identification two characteristic experiments were performed (for a new battery at a 
constant temperature of 23°C). For the first experiment (identification of UOCV(SOC)-relationship) the battery was 
charged or discharged with a slow C-rate (0.25 C) for a defined period of time. Then the charging process was 
interrupted and paused for a certain time to wait for the relaxation processes to decay. Afterwards, the open cell 
voltage was measured. The second experiment (identification of the dynamic battery behavior) was performed with 
a current interruption procedure or “pulse test”. Based on the voltage step-response for a dynamic current profile 
(s.Fig.4d) the dynamic battery parameters were estimated employing a least-square curve-fitting algorithm. R0 was 
determined in the range of 10mȍ to 14mȍ, R1 is 4mȍ to 6mȍ and R2 is 2mȍ to 3mȍ. The time constants of the 
battery were estimated to T1=20s and T2=150s. The electrical behavior of the battery is shown in Fig.4d. 
Measurement and simulation results correspond very well. 
2.3. Hydrogen storage path 
The laboratory rack systems and experimental H2-container, part of the multi-storage experimental test-bed, are 
shown in Fig.5. For the H2-storage path an external container solution was chosen due to safety reasons. The H2-
container is equipped with elaborate monitoring and security equipment (H2-gas sensor, ventilation, magnetic 
hydrogen valves, etc.) allowing a continuous and unattended long-term H2-operation.  
Three main operations are currently possible: a) long-term testing of H2-electrolysers with a H2-purge pipe, b) 
storage of solar H2 from electrolysis in four 50l/30bar pressure bottles and reconversion to electricity and heat via 
fuel cell, and c) utilization of purchased hydrogen from bottles, currently four 50l/200bar bottles. In the near future 
more buffer and high pressure bottles will be installed (e.g. bundles of 12 pressure bottles). Moreover, it is planned 
to upgrade the H2-storage with a H2-compressor and metal hydride storage tanks. 
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Fig. 5. left: modular multi-storage rack system,  right: H2-storage path and experimental container 
The electrolyser currently used is the EL200R from ACTA. It has an alkaline electrolyte membrane, which 
combines the benefits of a liquid alkaline electrolyser and a PEM-electrolyser, leading to low specific costs and a 
fairly high hydrogen output pressure of up to 30bars. Plain demineralised water can be used. The produced hydrogen 
is sufficiently dry for most applications and requires only a vapor trap, contributing to simplification and cost 
reduction of the electrolyser system. The electrolyser has an electrical power consumption of approx. 1100W, an 
operating temperature of 45°C, and a maximum water consumption rate of 0.163l/h. The PEM-fuel cell used in the 
hybrid system test-bed is the NEXA1200 from Heliocentris, an open cathode PEM-fuel cell on the basis of the 
Ballard FCgen-1020 stack. It has a nominal power of 1200W, a voltage range of 20V to 36V, a rated current of 65A, 
a start-up time of 2min, H2-inlet pressure of 1bar to 15bar and a H2-consumption rate of 15Nl/min at nominal power.  
Electrolyser and fuel cell are operated more efficiently and under less dynamic stress in the proposed multi-
storage hybrid system configuration. An increase of efficiency of up to 10% (55% to 65%) and a significant 
dynamic stress reduction and lifetime improvement is expected. Specific long-term tests and experimental 
investigations are planned. In the future, electrolyser and fuel cell might be integrated into one common H2-
conversion device with significant cost savings (common housing, control, power electronics, valves etc.).  
3. Experimental investigation and demonstration 
Fig.6 shows first experimental results from the AC- and DC-coupled experimental test-bed for a simple on/off 
control strategy and two example days. Peak shaving is performed at ±1600W. The positive peak power between 
1600W and 4000W is covered by the heating cartridge, the negative peak power between -4000W and -1600W by 
the public grid. The battery is responsible for covering further supply and demand fluctuations. The virtual H2-
storage path is current controlled and steadily converts excessive PV-energy into H2 in summer or H2 into electricity 
and heat in winter.  
For the demonstration example, the battery is charged till a certain upper state of charge threshold is reached. 
Then the electrolyser is switched on and operates at constant 560W till the battery state of charge crosses a lower 
threshold. The required battery capacity is about 8kWh. The total energy content of the difference power signal ǻP 
over the two days is 23kWh. The experimental results demonstrate that about 12kWh of the PV-energy (or 52%) is 
converted into H2 and about 6kWh (or 26%) into heat during peak-shaving mode. Only 1.2kWh (or 5%) negative 
peak power is provided by the public grid. The power exchanged with the public grid is significantly smaller and 
more predictable compared to a conventional PV-battery-hybrid system installation. 
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Fig. 6. Experimental results for investigation of a simple energy management algorithm: a) difference power ǻP, heating cartridge and public 
grid, b) battery and H2-storage, c) total energy 
4. Summary 
For the handling of daily and seasonal PV- and demand-fluctuations a multi-storage approach is suggested 
combining a short-term battery storage with a long-term H2-storage path. Additionally, an electric heating cartridge 
with domestic hot water storage is integrated mainly for the purpose of PV-peak power shaving. An AC- and DC-
coupled experimental test-bed for investigation and testing of new optimizing energy management algorithms is 
presented. The proposed multi-storage concept significantly contributes to low voltage grid stabilization and optimal 
utilization of PV-energy, hereby supporting a further quick and successful dissemination of decentralized PV. Next 
steps include experimental investigations of more advanced energy management concepts [3, 4, 6] for different 
supply and demand-situations (e.g. summer, winter, etc.). It will also be demonstrated, how the multi-storage 
concept can be applied for island systems and larger grid connected systems and how a number of households can 
beneficially cooperate, sharing a common H2-storage path.  
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